Transposon mutagenesis is a method that allows gene disruption via the random genomic insertion of a piece of DNA called a transposon. The protocol below outlines a method for high efficiency transfer between bacterial strains of a plasmid harboring a transposon containing a kanamycin resistance marker. The plasmid-borne transposase is encoded by a variant tnp gene that inserts the transposon into the genome of the recipient strain with very low insertional bias. This method thus allows the creation of large mutant libraries in which transposons have been inserted into unique genomic positions in a recipient strain of either Escherichia coli or Shigella flexneri bacteria. By using bacterial conjugation, as opposed to other methods such as electroporation or chemical transformation, large libraries with hundreds of thousands of unique clones can be created. This yields high-density insertion libraries, with insertions occurring as frequently as every 4-6 base pairs in non-essential genes. This method is superior to other methods as it allows for an inexpensive, easy to use, and high efficiency method for the creation of a dense transposon insertion library. The transposon library can be used in downstream applications such as transposon sequencing (Tn-Seq), to infer genetic interaction networks, or more simply, in mutational (forward genetic) screens.
Introduction
The creation of transposon mutagenesis libraries in bacteria is useful for a wide variety of applications, ranging from discoveries of virulence genes in bacterial pathogens 1, 2 , to studies of essential genes 3, 4, 5, 6 , to the identification of genetic interaction networks 7, 8, 9 . Critical to these studies is the ability to create a large library of mutants. The use of transposons (short fragments of DNA that insert randomly into a genome) is a simple means of disrupting gene function, as the insertion of a transposon within the open reading frame or regulatory region of a gene will often disrupt the function or expression of the gene.
Outlined here is a method for the creation of a transposon library in either E. coli or S. flexneri by bacterial conjugation using the plasmid pJA1 10 . There are two main advantages to using this plasmid. The first advantage is that the variant of the Tn10 transposase expressed from the pJA1 plasmid is inducible and has low insertion bias 11, 12 , meaning that the transposon will randomly integrate into the genome when Isopropyl β-D-1-thiogalactopyranoside (IPTG) is added to the media. The transposon contains a kanamycin resistance marker, allowing for the selection of mutants with the transposon inserts into the chromosome of the recipient strain. The second advantage of the pJA1 plasmid is that it contains an R6K mutant origin of replication. The R6K mutant origin of replication requires the lambda pir gene in order for the maintenance of the plasmid 13 .
As the plasmid cannot replicate in pir-strains, it will be lost in the recipient strain (Figure 1 ). This ensures that Tn10 transposase is removed from the cell and is no longer active, reducing further mutations after the initial transposition event.
The use of bacterial conjugation to move the pJA1 plasmid from the donor strain to the recipient strain is advantageous for several reasons. Conjugation is simple and inexpensive to perform and does not need special equipment such as an electroporator. Additionally, the high efficiency of bacterial conjugation allows for a very large library (>2 x 10 5 unique insertions) to be achieved with just a few milliliters (mL) of overnight bacterial culture 6 . The process takes around two hours of hands-on time along with time for incubation and growth of the bacteria. Langridge et al.
14 reported performing 130 electroporations to create a transposon mutagenesis library of a size similar to the one described here 8 , which is achieved with a single conjugation. The use of 130 electroporations requires labor intensive and time-consuming preparation of electrocompetent cells and the use of many expensive materials (e.g., electroporation cuvettes), at a cost of more than $1,000 USD in consumables alone. Other studies 10 have used similar methods, but with different bacterial strains, and achieved far smaller library sizes (5 x 10 4 colony forming units) than reported here.
Notes on the donor strain: The donor strain used here is the E. coli strain BW20767 15 containing the pJA1 transposon plasmid 16 . Strain BW20767 can conjugate to other strains, making the transfer of the pJA1 plasmid highly efficient. Also, importantly, BW20767 is lambda pir+. As mentioned previously, the plasmid pJA1 is only able to be maintained in strains containing the lambda pir gene. This strain is kanamycin and ampicillin resistant. The pJA1 plasmid contains the ampicillin resistance marker, and a kanamycin resistance marker is contained within the transposon. This strain is grown with selection on the plasmid using ampicillin at 100 µg/mL. It is also worth noting that other strains harboring constitutively expressed transposase genes are known to be unstable, and while the transposase used here is under inducible control, there remains a low risk of leaky expression. For this reason, it is suggested that the passage of this strain should be minimized and a fresh streak should be taken from a frozen culture for each new library preparation. The donor strain used here is available from our lab upon request.
Notes on the Recipient strain: The recipient strain can be a strain of choice, such as K12-derived lab strains of E. coli or strains of S.flexneri (also, see Discussion). The recipient strain must have an additional antibiotic resistance marker that is not kanamycin resistance, so that the donor strain can be selected against. For the recipient strain, an E. coli MG1655 strain is used here with an introduced spontaneous nalidixic acid mutation. The spontaneous nalidixic acid mutant was selected by plating out 2 mL of overnight culture in 200 µL aliquots onto plates containing nalidixic acid at 30 µg/mL. A single clone of MG1655 was selected that was resistant to nalidixic acid to become the recipient strain. Additionally, the recipient strain must be lambda pir negative, as described above.
Overview: Once bacterial conjugation has taken place and the pJA1 plasmid has moved from the donor strain into the recipient strain, the addition of IPTG to the media will induce the expression of the tnp gene, which is under control of the IPTG-inducible lacIq/Ptac promoter ( Figure  1 ). The tnp gene on pJA1 is a mutant transposase which has a lower frequency of insertion at hot spots 6, 10, 11 . Upon addition and induction with IPTG, the transposon is activated and randomly inserted in the genome. The plasmid cannot be maintained in the lambda pir-recipient strain and is lost.
Protocol
CAUTION: If using S. flexneri as a recipient strain, please note that S. flexneri is a human pathogen that can cause gastrointestinal disease. Experiments involving S. flexneri must be performed with appropriate biosafety precautions (designated BSL-2 in Europe and USA or PC2 in New Zealand). All experiments performed in the video associated with this protocol were done using the well-characterized recipient strain of non-pathogenic E. coli MG1655 in a PC1 setting. Work with Shigella flexneri was previously performed in a BSL-2 lab at the Biozentrum in Basel, as described in 6 .
Note: The following experiment is effectively done twice. The first part (Step 1.1-Step 4.5) is performed to find the best dilution for plating out the library, where the goal is to find a dilution of the conjugation which gives many individual colonies per plate, but not so many that a lawn forms. This is to reduce competition between mutants with significantly reduced fitness and those with more robust fitness. The second part (Steps 5.1-7.4) is the creation of the final library, where many plates are spread of the appropriate dilution of the library.
To Prepare One Day Prior to Experiment
1. Inoculate, from a frozen stock, the donor strain in 2 mL of LB broth, Millers recipe (NaCl at 10 g/L) media containing ampicillin at 100 µg/mL.
The donor strain used here is the E. coli strain BW20767 15 harboring the pJA1 plasmid 11 . The use of ampicillin maintains selection for the pJA1 plasmid. 2. Inoculate, from a single colony or frozen stock, the recipient strain in 2 mL of LB media with a resistance marker other than ampicillin or kanamycin. The recipient strain used here is the E. coli "wild type" strain MG1655 17, 18 with a spontaneous resistance mutant to nalidixic acid.
It is grown in 30 µg/mL nalidixic acid. 3. Prepare 20 Luria Broth containing 1.5% agar plates (in 90 mM petri dishes, approximately 12.5 mL). Agar plates lacking antibiotic can be stored at 4 °C for several months until use. 4. Prepare 20 Luria Broth containing 1.5% agar plates (in 90 mM petri dishes, approximately 12.5 mL) containing both nalidixic acid at 30 µg/mL and kanamycin at 50 µg/mL (LBA Nal30 Kan50). Agar plates containing antibiotics can be stored in the dark at 4 °C for several months until use. 5. Prepare 200 mL of sterile LB media. LB media can be stored at room temperature for several months. 6. Prepare 1 mL of 100 mM sterile stock of IPTG, according to manufacturer's instructions.
Bacterial Mating or Conjugation
1. Centrifuge 1 mL of overnight culture of the donor strain for 1 minute at 14,000 x g at room temperature. Discard growth media. This step is done to remove all growth media containing antibiotics. 2. Resuspend the cell pellet into 110 µL of LB (not containing antibiotics), thus concentrating the culture. 3. Using sterile forceps, position a sterile nitrocellulose filter (alternatively a sterile piece of blotting paper can be used, see Materials list) onto the middle of an LBA plate (not containing antibiotics). Label the plate "Negative Control: Donor". 4. Using a pipette, drop 50 µL of the concentrated donor culture onto the filter. 5. Repeat steps 2.1-4 for the recipient strain, labeling the plate "Negative Control: Recipient." 6. For the library, drop 50 µL of the donor (from step 2.2) AND 50 µL of the recipient strain (from step 2.5) onto a single sterile filter on an LBA plate (these plates should not contain antibiotics). Label this plate "Library." Mating occurs because the donor and recipient are in close physical contact on the filter. 7. Place the agar plates containing the filters at 37 °C for 6 h.
Activation of pJA1 Transposon by IPTG Induction of the Transposase
3. Using sterile forceps, remove the filter paper from the donor control and place it in the 15 mL conical vial labeled Donor Control (from step 3.1). Do the same for the Recipient Control and Library. 4. Tap the tubes to get the filter paper to the bottom of the 15 mL conical vial and ensure that it is fully submerged in LB. 5. Vortex tubes for at least a full minute on high to disassociate the bacteria from the nitrocellulose filter. The LB should become cloudy with bacterial cells (Figure 2 ). 6. Using sterile glass beads or a sterile spreader, plate 200 µL of the vortexed bacteria suspension from the donor control onto LBA Nal30
Kan50 plates labeled "Donor Control, 200 µL". 7. Repeat the step above (3.6) for the recipient control, labeling the plates "Recipient Control, 200 µL". 8. Repeat the step above (3.7) for the library, labeling the plates "Library, 200 µL". 9. Make additional dilutions (i.e., 1:5, 1:10 and 1:100 dilutions, using LB not containing antibiotics as a diluent) of the library. Plate 200 µl of undiluted library and additional dilutions onto appropriately labeled LBA Nal30 Kan50 plates. 10. Place plates into the 37 °C incubator for 18 h. Clones with transposons inserted in a gene that causes a large loss of fitness may take longer to grow and appear on the plate. There should be a variety of colony sizes (Figure 3) . Donor and recipient strain plates should have no colonies on them.
Choose the Appropriate Dilution of the Library to be Used for the Final Mutant Library
1. Determine a dilution of the library from Step 3.9 that yields many colonies of varying sizes that are adequately spaced. The aim is to get as many colonies as possible on one plate, but not so many that the colonies merge into one another and compete for resources. This number should be approximately 500-2,000 colonies per plate. An example of appropriate colony densities on a plate is shown in It is important to note, many mutants harboring insertions in essential or functionally important genes will not be able to be recovered, as these mutations will be fatal to the recipient. 
Creation of the Final Mutant Library

Estimate Library Density
1. Count how many colonies there are per plate, and thereby get a rough estimate of how dense the library is. For example: A total of 2x10 5 colonies are plated. The E. coli MG1655 genome is about 4.5 x 10 6 base pairs. Therefore, a library with about 2 x 10 5 inserts means that there is an insert on average every 22 base pairs and that each gene should be mutated about 45 times, given that one gene is approximately 1 x 10 3 base pairs. Insertions in essential genes are likely to be very underrepresented in this library, and thus the density in non-essential genes is likely to be greater than this. This sort of calculation provides one with a broad estimate of transposon density. 
Pooling Transposon Library and Storage
Discussion
The protocol described here allows for the construction of a dense insertion library. This method allows for the creation of a transposon library with over 2 x 10 5 unique transposon mutants using under 5 mL of culture volume 6 . It is relatively easy to perform, uses reagents available in most basic microbiology labs, is scalable, and requires little in the way of expensive equipment or consumables such as electroporation cuvettes.
A significant benefit of this method is that, in theory, the user has wide latitude in the choice of enterobacterial recipient strains. This paper, as well as others 11 , use E. coli as a recipient strain, however the pJA1 plasmid has been used successfully with other enterobacterial recipient species such as Shigella flexneri 6 and Salmonella enterica serovar Typhimurium strain SL1344
10
. Theoretically, the γ origin of replication (ori R6Kγ ) in pJA1 allows this plasmid to be maintained in a broad host range 19 , allowing that the recipient strain is pir+. Recently, new methods have been described that allow for construction of the pir+ in a range of enterobacterial strains 20 , giving additional flexibility. Additionally, the300 base pair mob region from the RP4 plasmid in pJA1 allows conjugative transfer of this plasmid to a wide range of gram negative bacterial strains 19 . Simply put, this method could theoretically be used with a variety of recipient strains, as long as several conditions are met: the strain is pir+, and is marked with an antibiotic resistance other than kanamycin and other than the donor strain.
A critical step in the protocol lies in estimating the proper number of cells to plate out in step 4.1. If colonies are spaced too closely, they compete for nutrients on the plate and less fit mutants are outcompeted. This may lead to a reduction in the total number of mutants. Alternatively, if colonies are spaced too far apart, there will be too few colonies on the plate, and the total number of agar plates needed to achieve a large library becomes burdensome. Therefore, achieving the right balance in terms of colony numbers per plate is important.
It is important to perform the controls listed in the protocol to ensure the steps are working as described. Notably, when using nalidixic acid as a counter-selection against the donor strain, it is important to ensure the negative donor control plates are free of colonies. This is because there may be a low rate (approximately 1 x 10 -10 ) 21 of spontaneous resistance to nalidixic acid, yielding false positives. Typically, the rate of conjugation and transposition is approximately 2 x 10 - 4 19 . Therefore, the rate of conjugation and transposition is several orders of magnitude greater than the rate of spontaneous resistance to nalidixic acid. Therefore, the rate of false positives compared to true transposition events is very low and deemed negligible when the protocol is working. However, if rates of conjugation or transposition are significantly reduced, (from low mating efficiency and/or lack of induction of the transposase gene with IPTG) and the protocol is scaled up to compensate for this, then the number of false positives (clones that do not have the transposon inserted) may also increase.
Some modifications can be made to incubation times in Steps 3.2 and 3.10.
Step 3.2 states that conjugation should occur for 6 h, but in our experience, this time step can be varied (i.e., 4-7 h) without changing the results significantly. Additionally, in step 3.10, the length of time the colonies are incubated on the agar plates can also be adjusted. This can be varied depending on the average doubling time or growth rate of the recipient strain. Additionally, in our experience, 18 h yielded a variety of colony sizes, indicating a library of diverse fitness. However, colonies with greatly reduced fitness may take longer to grow and thus may not be visible after 18 h. If this method is being used to find clones of extremely reduced fitness, longer incubation times and fewer colonies on the plate to reduce crowding (i.e., 48 h, 50-300 colonies) may be used.
Additional pitfalls of this method include that it is not possible to use a recipient strain that is already kanamycin resistant. It may be possible to swap out the kanamycin resistance marker in the pJA1 plasmid for an alternative selectable marker, such as chloramphenicol resistance to overcome this hurdle. It may also be worth noting that, in theory, it is possible to use a recipient strain that is ampicillin resistant, as the pJA1 plasmid containing the ampicillin resistance marker is lost shortly after transposition.
The creation of a dense transposon library in the genetic background of choice is potentially advantageous for many downstream applications. For example, a dense transposon library could be used to identify auxotrophic mutants using replica plating 22 or to identify mutants that are defective in establishing an infection 1, 2 
